We have experimentally studied the optical refractive index of few-layer graphene through reflection spectroscopy at visible wavelengths. A laser scanning microscope (LSM) with a coherent supercontinuum laser source measured the reflectivity of an exfoliated graphene flake on a Si/SiO 2 substrate, containing monolayer, bilayer and trilayer areas, as the wavelength of the laser was varied from 545nm to 710nm. The complex refractive index of few-layer graphene, n − ik, was extracted from the reflectivity contrast to the bare substrate and the Fresnel reflection theory. Since the SiO 2 thickness enters to the modeling as a parameter, it was precisely measured at the location of the sample. It was found that a common constant optical index cannot explain the wavelength-dependent reflectivity data for single-, double-and three-layer graphene simultaneously, but rather each individual few-layer graphene possesses a unique optical index whose complex values were precisely and accurately determined from the experimental data.
I. INTRODUCTION
The recent isolation of graphene has inspired tremendous efforts to investigate the physical properties of fewlayer graphene, as well as their applications 1-3 . The visibility of few-layer graphene on common dielectric substrates under ambient conditions has been used as an effective and convenient means for locating and identifying different graphene flakes through their reflectivity contrast to the substrate 4, 5 , provided that the substrate and the wavelength of the light are properly chosen. More sophisticated and definitive methods, such as Raman spectroscopy and atomic force microscopy (AFM), have been also frequently used to quantify the number of graphene layers 6 . Aside from its immediate role as an experimental technique, the visibility of sub-nanometer-thick graphene flakes implies strong interaction between the graphene electronic system and visible/near-infrared light, and highlights the potential of graphene as an optoelectronic material. Insofar as the refractive index of any optoelectronic material is one of its most fundamental optical properties, many groups 4,5,7-14 have attempted to probe the effective optical index of few-layer graphene. In these works, the Fresnel theory of reflection/refraction has been widely applied to interpret experimental data as well as devising predictions on observable quantities like absorption, transmission, and reflectivity contrast. Clearly, these quantities are important to a broad range of photonic applications such as graphene photodetectors, solar cells, transparent electronics, and phototransistors. a) Electronic mail: ghamsari@umd.edu Nevertheless, the quantitative value of the effective refractive index for graphene, which enters to the Fresnel theory as a constitutive parameter, greatly varies among various reports. The proposed values range from the optical index of bulk graphite 4 , n G = 2.6 − 1.3i, to an optimized value based on the best fit to reflectivity data 5 , n G = 2.0 − 1.1i; whereas transmission measurements support a universal optical conductivity picture
2 /4 , with σ being the three dimensional conductivity, d the graphene thickness, e the electron charge and Planck's constant, and predicts 2.3% of absorption per layer of suspended graphene. There are also some reports and conjectures on the possibility of optical dispersion in few-layer graphene at visible and nearinfrared wavelengths 11, 12 . While much of the related experimental work has been on exfoliated samples, similar experiments on graphene samples prepared by chemical vapor deposition (CVD) have also yielded qualitatively similar results 14 .
The controversy about the value of the complex optical index for graphene, its possible variation with the number of layers and dispersion with the wavelength, and the hypothesis of a constant optical conductivity well up to the visible regime have inspired this work to experimentally revisit the frequency-dependent optical behavior of few-layer graphene, including monolayer, bilayer, and trilayer, in the visible regime. Here we have applied an improved method of reflectivity spectroscopy using coherent light to enhance the sensitivity of the experiment to both the imaginary and real parts of the optical index, especially since the latter effectively plays no role in transmission experiments.
For precise and accurate determination of the optical index, reflectivity measurements have a significant advantage over transmission experiments. Given the optical length of the whole structure is vanishingly small compared to the wavelength, the transmittance/opacity of suspended graphene samples is predominantly determined by the absorption of light waves in the graphene sample, since optical beams pass through the flake effectively once and the one-time reflection at the airgraphene boundary is negligible and in many instances beyond the sensitivity of the measuring apparatus.
In contrast, experimental determination of the complex optical constant, n − ik, through reflectivity of a graphene flake on a dielectric substrate provides higher sensitivity to the real part of the optical index, n, and is capable of probing the complex optical index more accurately. If the graphene flake is coupled to an optical cavity, such as a Si-SiO 2 Fabry-Perot resonator, the effect of n is accentuated because the reflection will be an Airy superposition over all the resonating rays inside the cavity that are interfering with each other according to their various phases and optical paths, thereby, carrying a strong contribution from n.
While the great majority of earlier reflectivity experiments have used incoherent light and a combination of high numerical-aperture (NA) objective lenses or image processing techniques to extract the refractive index of graphene, a confocal laser scanning microscope (LSM) with a coherent light source together with a moderate NA objective lens have been utilized in this work to improve the accuracy and precision of our measurements.
II. EXPERIMENT
A graphene flake was exfoliated onto a commercially available Si substrate with a nominally 300nm-thick SiO 2 over-layer. The sample is then annealed in H 2 and Ar at a temperature of 500
• C for 3 hours. Regions of mono-layer, bi-layer, and trilayer were identified by means of Raman spectroscopy and atomic force microscopy (AFM), the latter was performed after the reflectivity measurements to prevent possible damage to the surface.
Reflectivity measurements were performed by a laser scanning microscope (LSM) 15 , as illustrated in Figure  1 , which raster-scans a focused laser spot of nominally 1µm diameter over the sample using a set of two galvano-mirrors. An X20 Mitutoyo infinity-corrected long working-distance objective lens, with a NA of 0.42, was used to focus the light onto and to gather the reflected light from the sample. The reflected light was directed to a Si photodiode which measured the reflected light at each pixel. Figure 2 shows the optical image of the graphene flake as well as the corresponding LSM reflectivity image at a wavelength of 638nm.
A Fianium SC400 supercontinuum laser was used as the LSM light source whose wavelength was varied from 545nm to 700nm by means of an acousto-optic tunable filter with a bandwidth of <2nm. At each wavelength, the intensity histogram of the LSM reflectivity image showed four peaks corresponding to the bare substrate, monolayer, bilayer, and trilayer regions. By fitting a Gaussian distribution to each peak and taking the mean value to represent the reflectivity of the corresponding region, the frequency-dependent reflectivity for different graphene thicknesses were obtained, as Figure 3 demonstrates.
The thickness of the oxide layer enters to the data analysis as an input parameter and its accurate determination is important to the accuracy of the ultimate results. Therefore, although ellipsometry and scanning electron microscopy (SEM) were performed on the substrate, the actual thickness near the graphene flake was determined, after the reflectivity measurements, through selectively removing the oxide by hydrofluoric acid etching followed by AFM, which gave a value of 308nm±0.5nm for the oxide thickness adjacent to the exfoliated graphene flake.
III. ANALYSIS AND RESULTS

The Fresnel theory
16 of reflection is often applied in order to interpret reflectivity/transmission experiments on graphene. Here, we have also used the same method to analyze our data including the effects of dispersion of Si and SiO 2 in the optical band of interest 17 . A dispersionless optical index is the simplest assumption for the optical behavior of graphene, and has been widely used among many researchers in the field 4,5,13,14 . Although the Kramers-Kronig theorem states that a dissipative material must be dispersive as well, these two do not have to necessarily occur over the same band simultaneously, and it is perfectly admissible to presume a dispersion free index over a limited frequency band. It should be noted, however, that this assumption is not equivalent to a universal optical conductivity 9, 18 , σ, which is a function of both n and k, since ǫ ≡ (n − ik) 2 = ǫ ′ − iσ/ǫ 0 ω, where ǫ is the relative dielectric constant, ǫ 0 is the permittivity of vacuum, ǫ ′ ≡ ℜe{ǫ}, and ω is the angular frequency of light.
It has been also conjectured that the optical response of few-layer graphene is predominantly determined by the in-plane electrodynamics 4 and, thus, the optical indices of few-layer graphene should be similar. We also put this assumption to the test and try to extract refractive indices for few-layer graphene independently and then examine the aforementioned hypothesis.
With these assumptions, the optical index of graphene enters into our model as a constant complex number whose value is found based on the best fit to the R G /R 0 vs. wavelength experimental data for each few-layer graphene individually. The obtained complex optical indices through this algorithm are tabulated in Table I and the theoretical reflectivity curves associated with them are depicted in Figure 3 .
Clearly, a dispersionless optical index very well models the experimental reflectivities, nonetheless, the optical indices for monolayer, bilayer, and trilayer graphene are different. Given that all the few-layer graphene areas in this experiment have been produced and measured simultaneously and, thereby, under essentially identical conditions, the discrepancy among the optical indices is not a consequence of measurement uncertainties, but rather suggests that each few-layer graphene possesses a unique optical index.
We also examined the dispersive model of Bruna and Borini 9 to model the experimental data, however it did not lead to a satisfactory fit for any n between 2.0 and 3.2, except for the monolayer sample in the low energy range of λ > 600nm.
Nevertheless, as Table I shows, the imaginary parts are nearly equal; besides, the majority of transmission/absorption experiments on graphene are not as sensitive to the real part of the optical index, simply because they use suspended graphene samples in which no standing-wave pattern forms due to its small thickness compared to the wavelength. These two reasons have enabled interpreting graphene transmission/absorption experiments based on a common constant optical conductivity in the visible regime.
IV. CONCLUSIONS
We have performed reflectivity spectroscopy on exfoliated monolayer, bilayer, and trilayer graphene by means of a laser scanning microscope and a supercontinuum laser over the wavelengths of 545nm to 710nm, corresponding to photons of energy 1.75eV to 2.28eV. The optical index of the few-layer graphene flakes were determined based on their contrast to the bare SiSiO 2 substrate by applying the Fresnel theory of reflection/refraction to the air/graphene/SiO 2 /Si multilayer. We found that the experimental reflectivity data for each few-layer graphene can be very well explained by a constant dispersionless effective optical refractive index rather than a constant optical conductivity; however, the indices are distinct for each of the few-layers and the optical conductivity does not scale with the number of layers. As listed in table I, the extinction factor, k, for monolayer, bilayer, and trilayer graphene are nearly equal, nonetheless, their real parts, n, are significantly different.
